This paper presents a review of the current state of the art in remote sensing based monitoring of forest disturbances and forest degradation from optical Earth Observation data. Part one comprises an overview and tabular description of currently available optical remote sensing sensors, which can be used for forest disturbance and degradation mapping. A section is devoted to currently existing mapping approaches, including both operational methods and recent developments. Part two reviews the two main categories of existing mapping approaches: first, classical image-to-image change detection and second, time series analysis. With the launch of the Sentinel-2a satellite and available Landsat imagery, time series analysis has become the most promising but also most demanding category of degradation mapping approaches. Hence, an emphasis is put on methods of time series analysis, among which four different classification methods are distinguished. The methods are explained and their benefits and drawbacks are discussed. A separate chapter presents a number of recent forest degradation mapping studies for two different ecosystems: The first ecosystem comprises the temperate forests with a geographical focus on Europe.
The second ecosystem consists of the tropical forests with a geographical focus on Africa. Mapping examples from both ecosystems help to better illustrate the current state of the art.
Introduction
Reliable and operational methods for forest disturbance and forest degradation mapping have become increasingly important for sustainable forest management [1] . A key aspect of sustainable forest management is the monitoring of the forest status, including the assessment of forest disturbances and forest degradation. The term forest disturbance is mostly used for natural causes of crown cover or biomass loss, such as from storm damage, forest fires, drought stress, insect infestations and disease outbreaks but may also include harvesting operations with a potential negative impact. The term forest degradation mostly relates to human-induced crown cover or biomass loss, e.g. for Intergovernmental Panel on Climate Change (IPCC) carbon reporting forest degradation is described as a "direct humaninduced activity that leads to a long-term reduction in forest carbon stocks" [2] . A further difference between the two terms exists with regard to the temporal impact. A disturbance is usually a single event with a short term impact and may even be regarded as part of the natural forest dynamics, while degradation has a negative long term impact that may be a consequence of one or several single disturbances [3] . Some definitions use forest degradation as an umbrella term for both natural and humaninduced forest changes; e.g. the Food and Agriculture Organization of the United Nations (FAO) defines forest degradation as "changes within the forest which negatively affect the structure or function of the stand or site, and thereby lower the capacity to supply products and/or services" [4] . In this review, we follow the FAO definition and use the term forest degradation for both natural and human-induced changes but we also address methods for mapping disturbances that may not have a long term degrading effect.
Forest degradation mapping by means of remote sensing is essentially a specific application of change detection. Change detection in forest monitoring already has a long tradition starting with Landsat data in the 1980ies and 1990ies [5, 6] . Back then, the main focus was on mapping deforestation and forest regeneration. Assessing and mapping forest degradation is much more challenging than only mapping forest area change. Meanwhile yearly deforestation mapping and the derivation of deforestation rates are already operational at global [7] and also at the national level [8] , but there is still only fragmented information available on the extent and magnitude of forest degradation. With Sentinel-2 image data from European Space Agency (ESA) complemented by Landsat 8 from United States Geological Survey (USGS), more high resolution optical data is now available than ever before. These data sets can be used to build a time series. Tracking areas closely over time allows detecting subtle changes (for both deforestation and forest degradation) and generates the possibility to alert in near real time, when changes are occurring. This paper reviews and discusses available methods used for forest degradation detection from optical remote sensing with a focus on methods based on high resolution data. Methods developed for coarse resolution data e.g. from the 'Moderate-resolution Imaging Spectroradiometer' (MODIS) are only considered if they have the potential to be transferred to high resolution data as well. The reviewed methods can be divided into two categories: i) image to image change detection methods and ii) time series analysis. Due to the increasing availability of high frequency observation data, i.e. more than one image per month, the focus is placed on time-series analysis. Although radar data are another important information source, especially for the tropics, they are not considered for review in this article, as methods and algorithms significantly differ from those applied to optical imagery. The review is complemented by several mapping examples of the authors. Since forest types, seasonal effects as well as degradation drivers differ with geographic location, the mapping examples focus on two main ecosystems: Europe's temperate forests and Africa's tropical evergreen forests.
In temperate forests in Europe, damages caused by storms [9] , bark beetles and fires [10] have increased throughout the twentieth century and, are likely to increase further with global warming, though decreasing fires have recently been observed in Mediterranean Europe [11] . Within the first decade of the 21st century, an increase was observed that is substantial enough to be considered a potential threat to the current and future role of European forests as carbon sinks [12] . As a result of this increase, politicians in Europe have recognized the urgent need to gather information on forest health and vitality, and to make this information available to end-users, i.e. forest administration and forest management planning entities. This need is emphasized by the Green paper [13] of the European Commission and in the new European Union (EU) Forest Strategy [1] . Information on degradation caused by storm, wind, snow and humaninduced damage by forest operations can be found in the "State of Europe's Forests 2015" report [14] , which has been jointly prepared by the signatory countries of "Forest Europe", the former "Ministerial Conference on the Protection of Forests in Europe". However, the usability of this information is limited as it is provided as total area figures per country only and the assessment does not follow a strict nomenclature. While there is a recognized demand for information on forest degradation in Europe, the available data is not yet harmonized and only partly geo-located. Advanced remote sensing technology can provide the timely, accurate and geo-located information that is needed. Such a service is currently being developed by the European Commission (EC) funded DIABOLO project (Distributed, Integrated And Harmonised Forest Information For Bioeconomy Outlooks).
Tropical forests are under even greater pressure than temperate forests: based on a recent review [15] , tropical forests once covered 3.6 billion hectares […] , almost a third have been lost as a result of deforestation. Of the remaining area, 46% is fragmented, 30% degraded, and only 24% is in a mature and relatively undisturbed state [16] . Some authors indicate even an increase in deforestation in tropical areas in the last years [17, 7] . The main drivers for tropical forest degradation are unsustainable selective logging, forest fires, mining activities and overexploitation of fuel wood [18] . Recent results indicate that tropical forest degradation has a similar or even a greater impact on carbon emissions than tropical deforestation. Depending on the source, emissions from tropical deforestation vary around 8 % [19] (7.4 % [20] and 8.5 % [21] ) and from degradation between 6 % [19] and 14% [20] . Forest degradation is therefore a substantial component of overall anthropogenic carbon emissions. The large range of values given for carbon emissions from degradation reflects the difficulty in actually assessing forest degradation [22] . The EC funded project EOMonDis (Bringing Earth Observation Services for Monitoring Dynamic Forest Disturbances to the Users) aims to offer operational Earth Observation (EO) based tropical forest monitoring services to support countries and a wide range of users with accurate relevant forest information data for their management and reporting requirements.
Optical Earth Observation data sets
The following section presents the characteristics and timelines of different optical high resolution (HR) sensors. In this review, we define 'high resolution' as pixel size between 5 and 30 m. One of the important qualities when choosing the image data sources for a degradation mapping service is the spatial and temporal characteristics of the sensors. While very high spatial (VHR) resolution sensors (< 2 m multispectral pixel size) may have better degradation detection capabilities, the image generally has a much smaller footprint compared to a high or medium resolution sensor. This means that independent of the repeat cycle and revisit frequency of the satellite, the wall to wall coverage using very high resolution sensors is generally more cost and time consuming and in case of larger areas even impossible. Medium to coarse resolution sensors (> 60 m multispectral pixel size), despite having lower cost/time requirements for wall-to-wall data coverages, are very limited in their ability to detect small area disturbances. High resolution satellite systems can be considered a good compromise, offering high enough spatial resolution and large enough footprint for cost-efficient large scale degradation monitoring. Table 1 presents the technical specifications of currently active optical HR satellites that can potentially be used for forest degradation monitoring. With regards to the repeat cycle, the values given for nadir only sensors are ignoring overlaps. The revisit frequency is calculated including possible tilting capabilities of the sensor. The table shows the list of potential candidate satellite sensors that are collecting optical EO data at high resolution and these sensors enable a new dimension of monitoring capabilities in a multi sensor approach [23] , [24] , [25] . A regular nadir acquisition scheme is an advantage for a regular and continuous monitoring system. Since the satellites from the Landsat series and Sentinel-2 fulfil this condition and also provide open and cost free access to archives and newly acquired images, these satellites are the workhorses for degradation mapping. The spectral capabilities of the Landsat and Sentinel-2 satellite missions complement each other ( Figure 1 ) and, therefore, it should be possible to increase the density of the time series data by integrating the sensors. The Landsat program has been providing continuous multispectral data since 1972 and this data is available without restrictions from USGS. In addition to the Landsat Level 1 standard data products, higher level science data products (e.g. surface reflectance) can also be ordered through a number of data access sites 
Some Forest Degradation Mapping Examples
In the following, five mapping examples are given to illustrate the methods described above. They cover various methods explained above. In order to illustrate the examples, Figure 5 shows some resulting maps from these mapping examples. 
Conclusions
The review of methods shows that there are already many methods available for bi-temporal change detection from high resolution data on the one hand and for time series analysis from coarse resolution data on the other hand. The current main challenge and research development focus is transferring these approaches to high resolution time series data which is currently becoming available from Sentinel 2 (in combination with Landsat data) and to improve the preprocessing quality of the high resolution time series. Further these methods need to be developed towards disturbance classification to enable the analysis of the different disturbance types such as e.g. fire, storm, insect caused damages, degradation by selective logging etc. along with the increasing density and length of time series. This has to be accompanied by a focus on the development of robust up-scalable methods that will enable both near real time disturbance mapping in support of operational reactive measures and as well the development of long term regional and global observation capacities for disturbances by major disturbance types.
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